ÈC31 integrase, a site-specific recombinase, can effectively mediate the integration of foreign genes bearing an attB sequence into pseudo attP sites of genomes in human, mouse, and Drosophila cells. In this study, we measured ÈC31 integrase-mediated homologous recombination between attB and pseudo attP sites in sheep cells. The integration efficiency of the EGFP expression cassette with the attB sequence increased at least 2-fold in sheep fibroblasts. Three pseudo-attP sites were identified in the sheep genome, located in the intergenic regions on chromosomes 4, 13, and 7 respectively. Moreover, the transgene that was integrated at the three pseudo attP sites exhibited high levels of expression. Our study indicates that the ÈC31 integrase system provides an efficient integration tool for genetic engineering of the sheep genome.
ÈC31 integrase, derived from Streptomyces bacteriophage ÈC31, catalyzes the precise and unidirectional integration of the phage genome into the cell genome.
1) It is different from Cre 2) and FLP 3) and requires no cofactors, and catalyzes efficient recombination between 39 bp phage attP and 34 bp attB. 4, 5) In the context of the mammalian cell environment, it can integrate plasmids carrying an attB site into native genomic sequences that are partially identical to the phage attP, called pseudo attP sites. These have been identified in the genome of human, mouse, rat, rabbit, and Drosophila. [6] [7] [8] [9] Furthermore, unlike the widely used Cre and FLP recombinases, which can catalyze both integration and excision, ÈC31 integrase-mediated integration is unidirectional. This makes the ÈC31 integrase system preferable for transgene insertion. These advantages make it an attractive tool for gene function research and the construction of genetically modified animals. Recently, several study groups reported that transgenic Drosophila, 8) mouse, 9) and Xenopus laevis 10) were efficiently constructed using ÈC31 integrase-mediated integration.
In the present study, we examined to dertermine whether the ÈC31 integrase can work efficiently in sheep cells. Three pseudo-attP sites were identified in sheep genome. We found that ÈC31 integrase can mediate an increased transgenic integration rate and exhibit high levels of expression. These results suggest that the ÈC31 integrase system provides an efficient integration tool for gene delivery into donor cells.
Materials and Methods
Plasmids. Plasmids pCMVInt (18935), pBCPBþ (18940) were from Addgene (Addgene, Cambridge, MA). pEGFP-attB was constructed by cloning the attB sequence into the AflII site of pEGFP-N1 (Clontech, Mountain View, CA) through multiple cloning steps. First, the attB sequence was removed from pBCPB by XhoI and then cloned into pBluescript II KS (Stratagene Corporation, Jolla, CA) to generate pBluescript-attB. Secondly, a blunted HindIII and KpnI fragment containing attB site from pBluescript-attB was cloned into the blunted HindIII site of pcDNA3.1 (Invitrogen, CA) to obtain pcDNA3.1-attB. Then an attB fragment cut from pcDNA3.1-attB by AflII was cloned into the same restriction site in pEGFP-N1 to generate pEGFP-attB.
Cell culture, transfection, and selection. Sheep fibroblast cells were isolated and cultured as previously described. 11, 12) Cells (2 Â 10 5 ) were seeded in a 12-well plate and cultured in fresh DMEM without antibiotics to achieve 80-90% confluency on the day of transfection. The cells were co-transfected with 3 mg of integrase expression plasmid pCMVInt and 800 ng of attB donor plasmid pEGFP-attB using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Cells co-transfected with pcDNA3.1-zeo and pEGFP-N1-attB were used as control. Twenty-four h after transfection, the fibroblasts were transferred onto a 60-mm dish at an appropriate dilution. At 48 h after transfection, 800 ng/mL of G418 was added to the medium to select for cells containing pEGFP-attB integration. G418 selection was carried out over 14 d, and the amount of colony in each transfection was measured.
Half-nested inverse PCR. The half-nested inverse PCR (iPCR) was used to isolate the integration sites as previously described. 13) Briefly, genomic DNA from G418-resistant sheep-cell clones were digested with BglII and BamHI. The digests were extracted and then resuspended in ligation buffer, and T4 DNA ligase (Takara Biotech, Dalian, China) was added. After incubation at 16 C overnight, the ligated DNA was extracted and used as iPCR templates. Half-nested iPCR amplifications across the junction were conducted using a long PCR kit (Takara Biotech, Dalian, China). The external and internal forward primers were attB-F1 (5 0 -CTA GTA CTT CTC GAG GTCG-3 0 ) and attB-F2 (5 0 -ATG TAG GTC ACG GTC TCG-3 0 ), and the reverse primer was EGFP2 (5 0 -TCG TCC ATG CCG AGA GTG ATCC-3 0 ). PCR products were sequenced, and the sequences were mapped to the incomplete sheep genome (http://www.livestockgenomics. csiro.au/sheep/).
Detection of genomic integration at pseudo-attP sites. Three pseudo-attP sites were further verified by amplifying hybrid attL junction sequences by using PCR. The PCR forward primer (attB-F2) was located in the vector attB sequence. According to the pseudo-attP sites in the sheep genome obtained as above, the PCR reverse primers * W Ni and S Hu contributed equally to this work.
y To whom correspondence should be addressed. Fax: +86-0993-2058612; E-mail: chencf1962@yahoo.com were in chromosome pseudo-attP site SF1 (SF1R: 5 0 -CAT CGT TCA GAA CCT TTC TC-3 0 ), SF2 (SF2R: 5 0 -GCC AGG AAG CTC AGA TAAA-3 0 ) and SF3 (SF3R: 5 0 -GGA ACA GAC CTC ACT CAG-3 0 ). Genomic DNA from G418-resistant sheep cell clones was used as PCR template. PCR products were subcloned into pMD18-T (Takara Biotech, Dalian, China) and sequenced. Sequences were examined by BLAST against the sheep genome database.
ELISA quantification of EGFP levels. Fiften SF1 cell clones, five SF2 cell clones, five SF3 cell clones and ten control cell clones were chosend for quantification of EGFP levels. Total soluble protein were extracted from G418-resistant sheep-cell clones. The total soluble protein (TSP) concentration was determined in the supernatant by using the Bradford assay. A 96-well plate was coated with TSP and a known EGFP standard protein at 4 C overnight. After three washes with PBST, the plates were incubated with EGFP antibody (Abcam, Cambridge, UK) and then alkaline phosphatase conjugated with a secondary antibody at a dilution of 1:2,000. The color reaction was initiated by adding p-nitrophenyl phosphate substrate, and was terminated by the introduction of H 2 SO 4 . The plates were read at 450 nm and quantified by comparison with known amounts of EGFP.
Results and Discussion
Three pseudo-attP sites were identified in sheep genome Plasmid pCMVInt expressing ÈC31 integrase and plasmid pEGFP-attB containing an attB site were cotransfected to sheep primary fibroblasts. After 14 d of G418 selection, genomic DNA was isolated from G418-resistant sheep cell clones and integration sites were analyzed by inverse PCR. A BLAST analysis indicated that the recombination junctions consisted of attB sequences and genomic DNA sequences. Three pseudo-attP sites, SF1, SF2, and SF3, were identified and mapped electronically to the sheep 4, 13, and 7 chromosomes, all located in intergenic regions (Table 1) . These pseudo sites were 33-49% identical to the minimal 39-bp wild-type attP, similar to the level of identity in mammalian pseudo-attP sites that have been isolated. [14] [15] [16] To verify that integration occurred at pseudo-attP sites SF1, SF2, and SF3, the attL recombination junctions were detected in sheep cell clones that received pCMVInt and the pEGFP-N1-attB donor plasmid. Hybrid attL junction sequences were obtained for the SF1, SF2, and SF3 sheep cell clones by PCR (Fig. 1) . This indicates that ÈC31 integrase efficiently mediates recombination between vector attB and pseudo-attP sites SF1, SF2, and SF3, and thus creates hybrid attL sites in the sheep cell genome.
ÈC31 integrase enhanced integration efficiency
In the sheep fibroblasts co-transfected with pCMVInt and pEGFP-attB, more G418-resistant integrants (58 colonies) were identified than that in the fibroblasts co-transfected with pcDNA3.1-zeo and pEGFP-N1-attB (23 colonies). Integration occurred at the SF1 site in 39 of 58 (67%) clones, whereas the numbers of cell clones showing integration that occurred at the SF2 and SF3 sites were five (8%) and six (10%) respectively. The remaining clones might have included some integration at unidentified pseudo-attP sites or might have been some random integrations. ÈC31 integrase caused a 2-fold increase in gene integration efficiency in sheep fibroblasts. Together with fibroblast cells as the most widely used donor cells in the cloning of livestock animals, the increase in transgene integration frequency in such cells might make the selection of transgenic donor cells more efficient.
EGFP expression at various pseudo-attP sites Next, we attempted to dertermine whether transgene integration at the pseudo-attP sites would affect transgene expression levels. EGFP expression was compared in 15 SF1 cell clones, five SF2 cell clones, five SF3 cell clones, and 10 control cell clones (pcDNA3.1-zeo and pEGFP-N1-attB co-transfection) by ELISA (Fig. 2) . The EGFP expression levels in the SF1 cells averaged 312 AE 51 mg/mg, significantly higher (p < 0:05) than those of the SF2 cells (202 AE 23 mg/mg), SF3 cells EGFP expression levels were analyzed in cells clones of the EGFP gene integrated at pseudo-attP sites SF1, SF2, and SF3, and the control (random integration).
Ã p < 0:05. Mean AE SD of three separate experiments.
(241 AE 24 mg/mg), and control cells (213 AE 57 mg/mg). Moreover, high levels of EGFP expression in the SF1 cells were observed after 15 passages (306 AE 23 mg/mg). There was no significant difference in EGFP expression levels among the SF2 cells, the SF3 cells and the control cell.
In the mouse genome, the most prominent pseudoattP site (mpsL1) that was a hotspot for integration has been confirmed, as described in reference. 14) In our study, the integration occurred at the SF1 site was dominant (67%) over the SF2 (8%) and SF3 (10%) sites. Simultaneously, the SF1 cell clones showed higher levels of EGFP expression than the SF2 and SF3 cell clones. These results are consistent with previous reports, 14, 17) which indicate that foreign genes exhibited high levels of expression when integration ocurred at a hotspot. However, the mechanism involved remains obscure.
Our study indicates that phage ÈC31 integrase can work efficiently in sheep fibroblasts in a site-specific manner. The ÈC31 transposon effectively integrated foreign genes into the sheep chromosomes. Pseudo-attP sites have traits similar to those of human, mouse, rat, and Drosophila. 5, 7, 10) By using the ÈC31 integrase gene delivering system, elevated integration frequency and effective gene expression can be effected in sheep fibroblasts. Furthermore, we have obtained large numbers of integrase-mediated transgenic embryos by somatic-cell nuclear transfer (data not shown).
In summary, this study suggests that the ÈC31 integrase system provides an efficient integration tool for gene delivery into donor cells in sheep cloning.
